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/DVHUVFDQQLQJDSSURDFKHVKDYHEHHQFRPPRQO\DSSOLHGLQJHRPRUSKRORJLFDOVWXGLHVLQERWKILHOGDQGODERUDWRU\
DWYDULRXVVFDOHV7DUJHWREMHFWV IRU ODVHUVFDQQLQJRIWHQUHIHUUHG WRDV OLGDUOLJKWGHWHFWLRQDQGUDQJLQJ LQFOXGH
GHVNWRSVFDOH REMHFWV VXFK DV LQGLYLGXDO JUDYHOV ZKHUH GHVNWRS RU KDQGKHOG ODVHU VFDQQHUV DUH DSSOLHG HJ
+D\DNDZDDQG2JXFKL%RXUNHHWDOPHGLXPVFDOHIOXYLDODQGKLOOVORSHODQGVFDSHVZKHUHWHUUHVWULDO
ODVHUVFDQQHUVDUHVXLWDEOHHJ1DJLKDUDHWDO+HULWDJHDQG+HWKHULQJWRQ7DUROOL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VFDOHODQGVFDSHVZKHUHDLUERUQHODVHUVFDQQHUVFDQFRYHU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6DWRHWDO7DQDND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5RHULQJ HW DO $PRQJ WKHVH VPDOO SRUWDEOH ODVHU VFDQQHUV DUH RIWHQ DSSOLHG DV QRQFRQWDFWPHDVXUHPHQW
PHWKRGVIRUZHDWKHULQJVWXGLHV0RVHVHWDO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RQIODWRUJHQWO\VORSLQJ
RXWFURSVZLWKDFFXUDFLHVRQWKHRUGHURI±PP6ZDQWHVVRQ:LOOLDPVHWDO*yPH]3XMROHW
DO0HQHHO\HWDO7KRXJKORZHUSUHFLVLRQDQGDFFXUDF\WHUUHVWULDOODVHUVFDQQLQJ7/6LVVXLWDEOHIRU
PHDVXULQJZLGHUDUHDRIFOLIIVRURXWFURSVZLWKYHUWLFDOZDOOVHJ5RVVHUHWDO%XFNOH\HWDOKDYLQJ
D FDSDELOLW\ RI DQDO\VLV RQ WKH LQWHQVLW\ YDOXHV RI ODVHU UHWXUQV WR GHWHFW GLIIHUHQFHV LQ URFN VXUIDFH FRQGLWLRQV
&DPSRV ,QRFHQFLR HW DO 8QOLNH WKH WUDGLWLRQDO SRLQWEDVHGPHDVXUHPHQW RI URFN VXUIDFH FKDQJHV WKHVH
UHODWLYHO\QHZWHFKQRORJLHVKDYHODUJHDGYDQWDJHV LQGHWHFWLQJVSDWLDOGLVWULEXWLRQRIVXFKVXEWOHFKDQJHVRQURFN
VXUIDFHE\ZHDWKHULQJ+RZHYHUWKHDFFXUDFLHVRIODVHUPHDVXUHPHQWGHSHQGRQYDULRXVIDFWRUVLQFOXGLQJGLVWDQFH
IURP WKH VFDQQHU WR WKH WDUJHW VXUIDFH ODVHU IRRWSULQW VL]H DQJOH RI ODVHU SXOVH DQG WKH QDWXUH RI WKH VXUIDFH
WRSRJUDSK\6FKDHIHUDQG,QNSHQ0RVHVHWDO$OVRDFFXUDWHUHJLVWUDWLRQRISRLQWFORXGVREWDLQHGLQ
GLIIHUHQW WLPH LVFUXFLDO IRUGHWHFWLQJDFWXDOYROXPHVRU UDWHVRIFKDQJLQJVXUIDFH WRSRJUDSK\2OVHQHWDO
/DJXHHWDO   ,QRUGHU WRDVVHVV WKH VSDWLDOGLVWULEXWLRQRI VXUIDFHFKDQJHVRQD URFNVXUIDFHZHSHUIRUP
UHSHDWHGPHDVXUHPHQWE\7/6DWD WHVWSORWRIDQDUWLILFLDOFDYHZDOOZKHUHVDOWZHDWKHULQJ LVDFWLYHO\RFFXUULQJ
621 Yuichi S. Hayakawa et al. /  Procedia Earth and Planetary Science  15 ( 2015 )  619 – 626 
,VVXHV RQ UHJLVWUDWLRQ RI 7/6 GDWD REWDLQHG LQ GLIIHUHQW WLPH DUH ILUVW H[DPLQHG 7KH DFWXDO FKDQJHV RQ WKHZDOO
VXUIDFHDUHWKHQH[WUDFWHGDQGWKHLUVSDWLDOGLVWULEXWLRQLVGLVFXVVHG
0HWKRGV
2.1. Study Site 
7KH VWXG\VLWH LV DQDUWLILFLDO FDYHFRPSOH[QDPHG<RVKLPL+\DNXDQD ORFDWHGDW FHQWUDO6DLWDPD3UHIHFWXUH LQ
-DSDQ )LJ 7KH FDYH FRPSOH[ LV IRUPHGRQ WKHKLOO\ VORSHRI0LRFHQH WXIIDFLRXV GHSRVLWV7KH VLWH LV SDUWO\
UHFRJQL]HGDVDFXOWXUDOKHULWDJHFRPSRVLQJDUFKDHRORJLFDOVWRQHFKDPEHUVLQWXQQHOWRPEVIRUPHGLQFHQWXULHV
$'ZKLOHZDONDEOHFDYHFRPSOH[ZDVIRUPHGGXULQJWKH:RUOG:DU,,IRUPLOLWDU\UHDVRQV2XUWHVWSORWLVORFDWHG
QHDUE\DZHVWIDFLQJHQWUDQFHRIWKHFDYHZKHUHWKHFRQGLWLRQRIFKDQJLQJZDWHUFRQWHQWGXHWRLQFRPLQJVXQOLJKW
DQGIUHVKDLULVIDYRXUDEOHIRUIUHTXHQWRFFXUUHQFHRIVDOWZHDWKHULQJ2JXFKLHWDO7DND\DHWDO

2.2. Terrestrial Laser Scanning and Point Cloud Processing 
2QVLWHPHDVXUHPHQWVXVLQJ7/6ZHUHSHUIRUPHGIRXUWLPHV'HFHPEHU)HEUXDU\
6HSWHPEHUDQG'HFHPEHU2QHVFDQSRVLWLRQLQIURQWRIWKHWDUJHWZDOOLVVHWIRUHDFK
WLPHWRDYRLGPLVDOLJQPHQWRIWZRRUPRUHVFDQSRVLWLRQVZLWKLQRQHPHDVXUHPHQWWLPH)RUWKHILUVWPHDVXUHPHQW
DPHGLXPUDQJHWHUUHVWULDOODVHUVFDQQHU*/6E\7RSFRQ&RLVXVHG)LJDZKLFKKDVDQDELOLW\
RIPHDVXULQJPGLVWDQFHDWPD[LPXPZLWKPPPLQLPXPSLWFKRIODVHUSXOVHDWDUDWHRIXSWRSRLQWV
SHUVHFRQG7KHZHLJKWRI WKHGHYLFH LVNJH[FOXGLQJEDWWHULHVDQGRWKHUDWWDFKPHQWV,QLWLDOGDWDPDQDJHPHQW
DQGEDVLFSURFHVVLQJRIWKHSRLQWFORXGGDWDREWDLQHGE\WKLVGHYLFHLVSHUIRUPHGXVLQJ7RSFRQ6FDQ0DVWHUY
)RUWKHUHVWRIWKHPHDVXUHPHQWVDQGZHXVHDOLJKWZHLJKWVKRUWUDQJHVFDQQHU7ULPEOH
7; LQVWHDG RI */6 EHFDXVH 7; LV PRUH VXLWDEOH IRU VXFK VKRUW UDQJHPHDVXUHPHQWV )LJ E 7; LV
FDSDEOH RIPHDVXULQJ XS WR P LQ GLVWDQFH DW D UDWH RI XS WR  SRLQWV SHU VHFRQG 7KHZHLJKW RI WKH
LQVWUXPHQWLVRQO\NJ7ULPEOH5HDO:RUNVYLVXVHGIRUWKHLQLWLDOGDWDSURFHVVLQJRISRLQWFORXGVE\7;


)LJ7HUUHVWULDOODVHUVFDQQHUVXVHGLQWKLVVWXG\D7RSFRQ*/6E7ULPEOH7;

)RUFRPSDULVRQRI WKHSRLQWFORXGGDWDREWDLQHGDWGLIIHUHQW WLPHV WKHSRLQWFORXGVDUHUHJLVWHUHG WRHDFKRWKHU
XVLQJ UHIHUHQFH WDUJHWV LQVWDOOHG DURXQG WKH WDUJHW ZDOO DQG WKH UHJLVWUDWLRQ LV IXUWKHU UHILQHG XVLQJ WKH LWHUDWLYH
FORVHVWSRLQW,&3DOJRULWKP%HVODQG0F.D\%HUJHYLQHWDOEXLOWLQWKH5HDO:RUNVVRIWZDUH6XFK
DFORXGEDVHGUHJLVWUDWLRQPHWKRGKDVDQDGYDQWDJHLQWKDWPDQ\WLHSRLQWVUHJLVWUDWLRQWDUJHWVDUHQRWQHFHVVDULO\
LQVWDOOHG LQ VXFK VWXG\ VLWH UHFRJQL]HG DV D SDUW RI FXOWXUDO KHULWDJH 7KH ILUVWPHDVXUHPHQW GDWDVHW LV VHW DV WKH
UHIHUHQFH DQG HDFK RI WKH IROORZLQJ GDWDVHW LV VXFFHVVLYHO\ DOLJQHG WR RQH SUHYLRXV GDWDVHW 7KH GLIIHUHQFHV LQ
VSDWLDOSRVLWLRQVEHWZHHQ WZRSRLQWFORXGVDUH WKHQFDOFXODWHGXVLQJ WKH0&PXOWLVFDOHPRGHOWRPRGHOFORXG
FRPSDULVRQDOJRULWKPIXQFWLRQDOL]HGLQWKHRSHQVRXUFHVRIWZDUH&ORXG&RPSDUHY/DJXHHWDO7KLV
DOJRULWKPXWLOL]HVWKHQRUPDOGLUHFWLRQFRPSXWHGZLWKLQDFHUWDLQVHDUFKUDGLXVLQWKHRULJLQDOSRLQWFORXGWRREWDLQ
WKHW\SLFDOGLVWDQFHEHWZHHQWKHWZRFORXGVDORQJWKHQRUPDOGLUHFWLRQLQWKHWKUHHGLPHQVLRQDOVSDFH
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7KLVDSSURDFKLVWKHUHIRUHVXLWDEOHIRUGLUHFWFRPSDULVRQRIWKUHHGLPHQVLRQDOO\VWUXFWXUHGSRLQWFORXGV7KHSHULRGV
RI FRPSDULVRQ DUH GHILQHG DV 3HULRG ,  WR  3HULRG ,,  WR  3HULRG ,,,  WR
DQG3HULRG$//WR
$YHUWLFDOUHIHUHQFHSODQHLVWKHQVHWEDVHGRQWKHUHIHUHQFHSLQVDQGWKHSRLQWFORXGFRRUGLQDWHVZHUHSURMHFWHG
RQWKHYHUWLFDOSODQHWRVHWWKH;<FRRUGLQDWHVDVWKHORFDWLRQRQWKHZDOOZKLOH=FRRUGLQDWHDVWKHFKDQJHGHSWKRI
WKHZDOOVXUIDFH'LJLWDOHOHYDWLRQPRGHOV'(0VRIWKHZDOOVXUIDFHDUHWKHQJHQHUDWHGIURPWKHSURMHFWHGSRLQW
FORXG$SDUWIURPWKHGLUHFWWKUHHGLPHQVLRQDODQDO\VLVXVLQJ0&WKHFRPSDULVRQVXVLQJ'(0VLVOLPLWHGWRRQH
GHWHUPLQHGGLUHFWLRQDORQJWKH=D[LVEXWLIWKHWDUJHWREMHFWLVIODWHQRXJKWKLVDSSURDFKLVVXLWDEOHEHFDXVHYDULRXV
*,6IXQFWLRQVFDQEHDSSOLHGIRUWKHDQDO\VLV:HXVH(65,$UF*,6IRUWKH'(0GDWDSURFHVVLQJ=RQHVZLWK
UHODWLYHO\ODUJHFKDQJHVE\GHWDFKPHQWDUHWKHQH[WUDFWHGE\YHFWRULVLQJWKHUDVWHUGDWDRIGLIIHUHQFHVRIWKH'(0V
WRZKLFKVRPHWKUHVKROGVDUHVWDWLVWLFDOO\DSSOLHG
5HVXOWV
7DEOH VKRZV WKHSURSHUWLHVRISRLQWFORXGV IRUHDFKPHDVXUHPHQW VHULHVREWDLQHGE\7/67KHGHQVLW\RI WKH
SRLQW FORXGV UDQJHV IURP  WR  SRLQWV SHU VTXDUH PHWHUV ZKLFK DUH HTXLYDOHQW WR DYHUDJH SRLQW
VSDFLQJRIDSSUR[LPDWHO\PPIRUHDFK

7DEOH3URSHUWLHVRISRLQWFORXGVREWDLQHG

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DFFXUDF\  PP DW WKH ILUVW
PHDVXUHPHQW$VQRWHGWKLVILUVWPHDVXUHPHQWGDWDVHWZDVVHWDVWKHUHIHUHQFHDQGHDFKRIWKHIROORZLQJ
GDWDVHWZDVDOLJQHGWRRQHSUHYLRXVGDWDVHW7KHPRYLQJGDWDVHWZDVILUVWUHJLVWHUHGXVLQJWKHUHIHUHQFHWDUJHWVEXW
WKHDFFXUDF\RIWKHWLHSRLQWUHJLVWUDWLRQZDVQREHWWHUWKDQFHQWLPHWUHVOLNHO\EHFDXVHRIPLVGHWHFWLRQRIWKHFHQWHU
RIWKHSLQKHDGV7KHFORXGEDVHG,&3UHJLVWUDWLRQZDVWKHQSHUIRUPHGWRDOLJQWZRSRLQWFORXGGDWDVHWVZLWKKLJKHU
DFFXUDF\6WDEOHDUHDVZLWKRXWFKDQJHVRQWKHIORRUDQGFHLOLQJRIWKHFDYHZHUHXVHGIRUWKHDOLJQPHQWE\FURSSLQJ
RXW WKH WDUJHWZDOO DUHD DQG WKH ,&3 UHJLVWUDWLRQSURFHGXUHZDV UHSHDWHGO\ DSSOLHG WRSHUIRUP IXUWKHU UHILQHPHQW
ZLWKPLQLPXPHUURU YDOXHVRI WKH SRLQWWRSRLQW GLVWDQFHV DW ±PPZKLFK VHHPV VPDOO HQRXJK WRGHWHFW
PLOOLPHWUHWRFHQWLPHWUHVFDOHFKDQJHVLQWKHZDOOVXUIDFH7DEOH
7KH WKUHHGLPHQVLRQDO FORXGWRFORXG GLVWDQFHV ZHUH FRPSXWHG IRU HDFK 3HULRG XVLQJ WKH 0& DOJRULWKP $V
VKRZQ LQ WKH )LJ  V\VWHPDWLF HUURUV FLUFXODU EDQGV RI SRVLWLYH DQG QHJDWLYH GLIIHUHQFH YDOXHV UHODWHG WR WKH
RULJLQDOVFDQGDWDE\WKH7/6GHYLFH7;ZHUHREVHUYHGVKRZLQJIOXFWXDWLRQVDURXQGPP1HYHUWKHOHVVDVLGH
IURPVXFKHUURUVVRPHSRUWLRQVLQWKHZDOOVXUIDFHVKRZFOXVWHUVRIQHJDWLYHYDOXHVEOXHZKLFKDUHOLNHO\GHULYHG
IURPWKHGHWDFKPHQWRIWKHVXUIDFHPDWHULDO6XFKFOXVWHUVRIFKDQJHVZLWKSRVLWLYHYDOXHVUHGZHUHDOVRIRXQGLQ
SDUW EXW WKH\ DUH UHJDUGHG DV QRW VLJQLILFDQW EHFDXVH  WKH ORZHUPRVW SRUWLRQV RI WKH ZDOO DUH UHODWHG WR WKH
VHGLPHQWDWLRQRIPXGG\ IUDJPHQWV IDOOHQ IURP WKHZDOO EXW DFFXUDWH YROXPHWULF HVWLPDWLRQRI VXFK VHGLPHQWV LV
GLIILFXOW EHFDXVHRI IUHTXHQW UHPRYDORI WKH VHGLPHQWVE\ LQFRPLQJZLQG VRPHDUH UHODWHG WR WKHSUHVHQFHRI
VSLGHUQHWVRQWKHZDOODQGWKHULJKWPRVWVLGHRIWKHWDUJHWDUHDLVWKHFRUQHURIWKHFRQWLQXRXVFDYHZDOODQG
ZDVQRWSURSHUO\PHDVXUHGE\7/6DVWKHGLDJRQDOKLWRIODVHUEHDPUHVXOWHGLQPDQ\VKDGRZVODFNRIODVHUUHWXUQV
LQWKHDUHD
'LIIHUHQFHVLQ=YDOXHVRIWKHYHUWLFDOO\SURMHFWHG'(0VZHUHFRPSXWHGIRUHDFK3HULRGZLWKLQWKHWDUJHWGRPDLQ
)LJ7KHPHDQGLIIHUHQFHRIWKHUDVWHUIRU3HULRG$//LVPPVKRZLQJQHWDYHUDJHRIUHFHVVLRQRIWKHZDOO
VXUIDFH7DEOH7KH]RQHVRIGHWDFKPHQWFKDQJHVIRUHDFK3HULRGZHUHWKHQH[WUDFWHGDVIROORZV$FFRUGLQJWR
WKHPHDQXSWRPPDQGVWDQGDUGGHYLDWLRQXSWRPPRIWKHGLIIHUHQFHUDVWHU7DEOHUDVWHUFHOOVZLWKPRUH
WKDQPPRIGHWDFKPHQWZHUHH[WUDFWHG$IWHUJHQHUDOL]LQJWKH]RQHVWRH[FOXGHIUDJPHQWDOFHOOV WKHFOXVWHUVRI
GDWHRIPHDVXUHPHQW 'HF )HE 6HS 'HF
WHUUHVWULDOODVHUVFDQQHUXVHG */6 7; 7; 7;
QXPEHURISRLQWV    
SRLQWGHQVLW\SWP    
DYHUDJHSRLQWVSDFLQJPP    
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FHOOVZLWK GHWDFKPHQW FKDQJHVZHUH YHFWRULVHG 7KH YROXPH RI GHWDFKPHQW IRU HDFK SRO\JRQZDV WKHQ REWDLQHG
%HFDXVHVRPHVPDOOIUDJPHQWDOYHFWRUSRO\JRQVVWLOOUHPDLQHGSRO\JRQVZLWKDUHDVVPDOOHUWKDQFPHTXLYDOHQW
WRFHOOVRIWKHPPUDVWHU¶VDVZHOODVWKRVHZLWKOHVVWKDQFPRIYROXPHZHUHUHPRYHG7KH]RQHVRQWKH
ORZHUPRVWSRUWLRQVZKLFKDUHWKHFKDQJHVRIVHGLPHQWVRIIDOOHQPDWHULDOVZHUHDOVRH[FOXGHG

7DEOH3URSHUWLHVRIGLIIHUHQFHUDVWHUDQGGHWDFKPHQW]RQHVIRUHDFKSHULRG



)LJ0&GLVWDQFHVEHWZHHQSRLQWFORXGVIRU3HULRG,WR'RXEOHFLUFOHVLQGLFDWHSRVLWLRQVRISLQV
ZKLFKDUHXVHGDVWKHWDUJHWUHIHUHQFHV5HFWDQJOHDUHDVKRZVWKHWDUJHWGRPDLQIRU'(0FRPSDULVRQV

7KH]RQHRIGHWDFKPHQW VHHPVPRVW IUHTXHQW DQG ODUJHVW IRU3HULRG , )LJDDQG7DEOH OLNHO\EHFDXVH WKH
GXUDWLRQLVWKHORQJHVWPRQWKV'HVSLWHLWVVKRUWGXUDWLRQPRQWKV3HULRG,,,VKRZVWKHPRVWGLVWLQFW]RQHRI
GHWDFKPHQW)LJF7KLVZDVWKHODUJHVWHYHQWRIGHWDFKPHQWLQWKHZDOOWKURXJKRXWWKHVWXG\SHULRG1RWHWKDWWKH
YDOXHVIRU3HULRG$//ZDVGHULYHGIURPWKHGLUHFWFRPSDULVRQEHWZHHQDQGWKHFXPXODWLYHYDOXHV
RI3HULRGV,WR,,,GRQRWVWULFWO\PDWFKZLWKWKRVHIRU3HULRG$//7DEOH7KHFKDQJHVIRU3HULRG$//VWLOOVKRZ
WKHHQWLUHWUHQGRIWKHRFFXUUHQFHVRIGHWDFKPHQWRQWKHZDOOVXUIDFHWKURXJKRXWWKHVWXG\SHULRG
, ,, ,,, $//
GXUDWLRQPRQWK    
UHILQHPHQWHUURUPP SRLQWFORXG    ±
PHDQGLIIHUHQFHPP GLIIHUHQFHUDVWHU    
VWDQGDUGHYLDWLRQRIGLIIHUHQFHPP GLIIHUHQFHUDVWHU    
QXPEHURIGHWDFKPHQW]RQHV SRO\JRQ    
PHDQDUHDRIGHWDFKPHQW]RQHVFP SRO\JRQ    
VWDQGDUGGHYLDWLRQRIDUHDRIGHWDFKPHQW]RQHVFP SRO\JRQ    
WRWDODUHDRIGHWDFKPHQW]RQHVFP SRO\JRQ    
PHDQYROXPHRIGHWDFKPHQW]RQHVFP SRO\JRQ    
VWDQGDUGGHYLDWLRQRIYROXPHRIGHWDFKPHQW]RQHVFP SRO\JRQ    
WRWDOYROXPHRIGHWDFKPHQW]RQHVFP SRO\JRQ    
PHDQGHSWKRIGHWDFKPHQW]RQHVPP SRO\JRQ    
VWDQGDUGGHYLDWLRQRIGHSWKRIGHWDFKPHQW]RQHVPP SRO\JRQ    
3HULRG
GDWDVRXUFHSURSHUWLHV
0&GLVWQDFH
P
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

)LJ'LIIHUHQWLDOUDVWHUVRI'(0VIRUHDFK3HULRG%ODFNVROLGSRO\JRQVLQGLFDWH]RQHVZLWKUHODWLYHO\ODUJHFKDQJHVE\GHWDFKPHQWD3HULRG
,WRE3HULRG,,WRF3HULRG,,,WRG3HULRG$//WR

7KH DUHDYROXPHDQGPHDQGHSWKRI WKHGHWDFKPHQW ]RQHVZHUH WKHQ VXPPDUL]HG DORQJ WKH\D[LV WKHKHLJKW
DERYHJURXQGE\DPELQ7KHFXPXODWLYHYROXPHRIFKDQJHVIRUWKH3HULRGV,WR,,,VKRZWKHODUJHVWFKDQJHDW
DURXQG±PKLJKDERYHWKHJURXQG)LJD:KHUHDVWKHPHDQGHSWKRIWKHFKDQJHVLVUHODWLYHO\FRQVWDQWDW
FDPPIRUDOOWKH3HULRGVZLWKVRPHH[FHSWLRQVRIFDPPIRU3HULRGV,,DQG,,,
'LVFXVVLRQDQGFRQFOXVLRQV
)URPWKHJURVVGLIIHUHQFHRIWKHUDVWHUIRU3HULRG$//7DEOHWKHQHWDYHUDJHUDWHRIWKHZDOOVXUIDFHFKDQJH
HURVLRQLVHVWLPDWHGWREHPP\7KLVYDOXHPD\LQGLFDWHWKHILUVWRUGHUHVWLPDWHRIWKHZHDWKHULQJUDWHLQWKLV
SORW DOWKRXJK LW GRHV QRW H[FHHG WKH HUURU YDOXHV !PP DQG XQFHUWDLQW\ UHPDLQV )RUPRUH SUHFLVH HVWLPDWH
ORQJHUWHUPPHDVXUHPHQWZLOOEHQHFHVVDU\DVQRWHGODWHU
7KHGLVWULEXWLRQRIWKHGHWDFKPHQW]RQHVLQGLFDWHVWKDWWKHKHLJKW]RQHRI±PDERYHWKHJURXQGDSSHDUVWR
EHWKHFHQWUDODUHDRIIUHTXHQWRFFXUUHQFHVRIGHWDFKPHQW)LJD6XSSRVLQJWKDWWKHGHWDFKPHQWVDUHGHULYHGIURP
VDOWZHDWKHULQJSURFHVVHV2JXFKLHWDOWKHKHLJKWRI±PDSSHDUVIDYRXUDEOHIRUWKHDFFXPXODWLRQRI
VDOWVE\IUHTXHQWHYDSRUDWLRQRIJURXQGZDWHUZKLOHWKHJURXQGZDWHUGRHVQRWVHHPWRUHDFKWKHKLJKHUDUHDVPRUH
WKDQPZKHUHWKHOHDVWFKDQJHLVREVHUYHG
7KHPHDQGHSWKRIWKHGHWDFKPHQWRIFDPP)LJEPD\LQGLFDWHWKDWWKHIUHTXHQWGHWDFKPHQWLVRFFXUULQJ
ZLWKLQ VXFK WKLQ OD\HU RI WKH URFN VXUIDFH 7KH RFFDVLRQDO GHSWK RI FD  PP ZRXOG EH GXH WR WKH EORFN\
GHWDFKPHQWRIGLVWLQFWVXUIDFHOD\HURIWKHZDOOZKLFKFDQEHREVHUYHGRQWKHZDOOVXUIDFHDVWKHFOHDUFRQWUDVWRI
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GHWDFKHG DQG UHPDLQLQJ GRPDLQV )LJ E 6XFK ELPRGDO GLVWULEXWLRQ RI WKH GHSWK RI GHWDFKPHQW LQGLFDWHV WKDW
ZHDWKHULQJLVHIIHFWLYHO\RFFXUULQJLQDFHUWDLQGHSWKWRIRUPYXOQHUDEOHOD\HUVRQWKHURFNVXUIDFH
  7KURXJK WKLV VWXG\ VHYHUDO FKDOOHQJLQJ LVVXHV UHJDUGLQJ WKH 7/6 DSSURDFK RQ WKH URFN VXUIDFHPRQLWRULQJ
ZRXOGDULVH)LUVWWKHQHFHVVLW\RIFDUHIXOUHJLVWUDWLRQIRUPXOWLSOHWLPHVHULHVRIPHDVXUHPHQWLVSURSRVHG,QWKLV
VWXG\ZHXVHGWKH,&3DOJRULWKPWRSHUIRUPFORXGEDVHGUHJLVWUDWLRQRIWKHSRLQWFORXGVDWDFFXUDFLHVKLJKHUWKDQ
WKHWLHSRLQWUHJLVWUDWLRQ7KLVZDVEHFDXVHWKHPLOOLPHWUHVFDOHDFFXUDF\ZDVKDUGWRDFKLHYHIRUGHWHFWLQJFHQWHURI
WKHKHDGVRIWKHSLQVKDYLQJDFHQWLPHWUHZLGWK+RZHYHUWKHFORXGEDVHGUHJLVWUDWLRQLVQRWDOZD\VSHUIHFWJLYLQJ
UHILQHPHQW HUURUV RI ± PP 7DEOH  DQG WKH PDQXDO RSHUDWLRQ RI WKH FORXGEDVHG UHJLVWUDWLRQ LV WLPH
FRQVXPLQJ
6HFRQGWKHVXUURXQGLQJDUHDVRIWKHWDUJHWZDOOFRXOGQRWIXOO\EHPHDVXUHGGXHWRWKHSUHVHQFHRIVKDGRZVIRU
ODVHUUHWXUQV6XFKVKDGRZDUHDVFDQEHUHGXFHGLIPXOWLSOHVFDQSRVLWLRQVDUHVHWDURXQGWKHWDUJHWZDOO+RZHYHU
WKHUHJLVWUDWLRQLVVXHZRXOGDOVRDULVHIRUWKHLQWHUQDOUHJLVWUDWLRQRIWKHSRLQWFORXGVIURPGLIIHUHQWVFDQSRVLWLRQV
IRUWKHVDPHPHDVXUHPHQWWLPH,QIDFWZHSHUIRUPHGPHDVXUHPHQWVIURPPXOWLSOHVFDQSRVLWLRQVLQWKHILHOGEXW
WKRVHGDWDZHUHQRWXVHGEHFDXVH WKH\ZHUH IRXQG WREHXQVXLWDEOH LQ VXFK D VHYHUH FRQGLWLRQ IRU UHJLVWUDWLRQRI
PXOWLSOHWLPHPHDVXUHPHQWV

)LJ'LVWULEXWLRQRIFKDQJHVLQKHLJKWGLUHFWLRQD&XPXODWLYHFKDQJHVLQYROXPHIRUHDFK3HULRG,WR,,,
E0HDQGHSWKRIGHWDFKPHQW]RQHVIRUHDFK3HULRG

7KLUGO\ WKH IHDVLEOH OHYHO RI GHWHFWLRQ IRU WKH ZDOO VXUIDFH FKDQJHV VKRXOG IXUWKHU EH DVVHVVHG EDVHG RQ WKH
HYDOXDWLRQRIHUURUVGHULYHGIURPERWKUHJLVWUDWLRQDQGVFDQQHULWVHOI,QWKLVVWXG\ZHIRXQGWKDWWKHFKDQJHVPRUH
WKDQFDPPZRXOGEHGHWHFWDEOHEXWWKHGHWDFKPHQWVRIZDOOVXUIDFHE\VDOWZHDWKHULQJFDQEHRFFXUULQJDWPXFK
VPDOOHU VFDOHV 7DND\D DQG2JXFKL  7DND\D HW DO  7R LPSURYH WKH OHYHO RI GHWHFWLRQ LQ WKH IXWXUH
PHDVXUHPHQWVIXUWKHUFDUHIXORSHUDWLRQRIWKHODVHUVFDQQHUDVZHOODVUHJLVWUDWLRQSURFHVVLQWKHVRIWZDUHZLOOEH
QHFHVVDU\IRUWKHUHGXFWLRQRIWKHHUURUV,QDGGLWLRQIXUWKHUFRQWLQXRXVPHDVXUHPHQWVZRXOGEHUHTXLUHGIRUORQJ
WHUPPRQLWRULQJ DQGGHWHFWLRQRI DFFXPXODWLYH FKDQJHV DQG FRPSDULVRQVZLWKSUHFLVHSRLQWPHDVXUHPHQWV HJ
7DND\DDQG2JXFKLZLOOEHSHUIRUPHGWRYHULI\WKHDPRXQWRIGHWDFKHGPDWHULDOV

$FNQRZOHGJHPHQW

7KLVVWXG\ZDVVXSSRUWHGE\-636.$.(1+,*UDQW1XPEHUVDQG7KLVUHVHDUFKLVDSDUWRI
&6,6-RLQW5HVHDUFK1R
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5HIHUHQFHV

 %HUJHYLQ56RXF\04DJQRQ+/DXUHQGHDX'7RZDUGVDJHQHUDOPXOWLYLHZUHJLVWUDWLRQ WHFKQLTXH ,(((7UDQVDFWLRQVRQ
3DWWHUQ$QDO\VLVDQG0DFKLQH,QWHOOLJHQFH±'2,
 %HVO3-0F.D\1'$PHWKRGIRUUHJLVWUDWLRQRI'VKDSHV,(((7UDQVDFWLRQVRQ3DWWHUQ$QDO\VLVDQG0DFKLQH,QWHOOLJHQFH
±'2,
 %RXUNH09LOHV+1LFROL -/\HZ$\HH3*KHQW5+ROPOXQG - ,QQRYDWLYH DSSOLFDWLRQVRI ODVHU VFDQQLQJDQG UDSLGSURWRW\SH
SULQWLQJWRURFNEUHDNGRZQH[SHULPHQWV(DUWK6XUIDFH3URFHVVHVDQG/DQGIRUPV±'2,HVS
 %XFNOH\ 6- +RZHOO -$ (QJH +' .XU] 7+  7HUUHVWULDO ODVHU VFDQQLQJ LQ JHRORJ\ GDWD DFTXLVLWLRQ SURFHVVLQJ DQG DFFXUDF\
FRQVLGHUDWLRQV-RXUQDORIWKH*HRORJLFDO6RFLHW\±'2,
 &DPSRV ,QRFHQFLR / 5REHUWR9HURQH]00DQRHO:RKQUDWK 7RJQROL ) GH 6RX]D0. GD 6LOYD 50*RQ]DJD -U / /HRQDUGR %OXP
6LOYHLUD&6SHFWUDOSDWWHUQFODVVLILFDWLRQLQOLGDUGDWDIRUURFNLGHQWLILFDWLRQLQRXWFURSV7KH6FLHQWLILF:RUOG-RXUQDO±
'2,
 &DUWHU:6KUHVWKD57XHOO*%ORRPTXLVW'6DUWRUL0$LUERUQHODVHUVZDWKPDSSLQJVKLQHVQHZOLJKWRQ(DUWK¶VWRSRJUDSK\(RV
7UDQVDFWLRQV$PHULFDQ*HRSK\VLFDO8QLRQ±'2,(2
 *yPH]3XMRO / )RUQyV -- 6ZDQWHVVRQ -2+  5RFN VXUIDFH PLOOLPHWUHVFDOH URXJKQHVV DQG ZHDWKHULQJ RI VXSUDWLGDO 0DOORUFDQ
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